Introduction
Key words: fucosyltransferase, H-type-I , sialylation, sialyl Le-x. Abbreviations used: LE, luminal epithelium; mAb, monoclonal One of the fundamental characteristics of placental antibody; a I -2FT, a I -2fucosyitransferase; SNA, Sornbucus nigro mammals is that the embryo implants in the uterus of the mother and develops there until it is capable agglutinin; MAA, M o o c h arnurensis agglutinin. 'To whom correspondence should be addressed (skimber@ of (supported) independent life. Successful imfs I .scg.man.ac.uk). embryo can only undergo implantation when it has developed to form a blastocyst, a cavitated ball of roughly 30-1 50 cells (or more, depending upon species) with an inner clump of cells called the inner cell mass, which forms the foetus. It is the outer single layer of blastocyst trophectoderm that interacts with, and attaches to, the lining epithelium (luminal epithelium, LE) of the uterus. In species such as human and mouse the trophectoderm forms the trophoblast which penetrates through the epithelium and into the stroma. T h e uterus, like the embryo, has to undergo a programme of differentiation controlled by ovarian steroids. High levels for oestrogen pre-ovulation, followed by a rise in progesterone post-ovulation, trigger transcription of uterine proteins and phenotypic changes directed at facilitating implantation. Finally in mice a small peak of oestrogen just prior to implantation on day 4 of pregnancy is essential for a receptive uterus which will support implantation. In mice the receptive period is only about 24 h, between day 4 and 5 of pregnancy, while in humans it is longer, lasting approximately 4 days. As the uterus develops from the pre-receptive to receptive phase of pregnancy there are dramatic changes in the epithelial phenotype. These changes culminate in a L E capable of interacting with the trophectoderm. One aspect of considerable interest is the change in cell-surface composition of the L E and in particular the carbohydrate structures. Carbohydrate chains of glycoconjugates extend beyond the protein or lipid cores of membrane components and are the first structures encountered by an approaching blastocyst. This is particularly true for mucins, which are highly glycosylated and extend well beyond the domain of membrane glycoproteins. In a number of mammals the glycosylation profile of the L E has been reported to change during the reproductive cycle, suggesting either direct or indirect steroidal control. We have examined the cyclic variation of a number of cell-surface carbohydrate antigens in mice and tried to correlate these with implantation. 
Changes in glycosylation of

Hormonal control of the H-type-I epitope
If the source of endogenous reproductive steroids, the ovary, is removed then the uterine changes required for implantation do not occur. In ovariectomized mice treated with oestrogen, mAb 667/9E9 stained L E and glandular epithelium [7,10]. However, if progesterone or the vehicle was given, apical or lateral staining of L E cells was negligible. After progesterone sensitization followed by an injection of oestrogen sufficient to induce receptivity, H-type-1 antigen was expressed on the apical LE with a patchy distribution similar to that seen on late day 4 to early day 5 of pregnancy. Although the H-type-1 epitope on glands proximal to the lumen was regulated by oestrogen, there appeared to be less steroidal control of the epitope on basal glands.
In contrast to the oestrogenic stimulation seen in mice, in rats LE expression is stimulated by progesterone [ll] . However, high H-type-1 expression is similarly seen on the rat LE at the time of implantation. Furthermore, we have de-tected this epitope in human endometrial epithelium with increased expression in the luteal phase [12] . Expression has also been demonstrated on the endometrial LE in the pig and goat and this also appears to change during pregnancy, particularly around the time of interaction with the embryo at implantation [ 13,141.
Ovarian steroids could influence H-type-1 epitope expression by regulating the LE proteins or lipids that carry it, or their glycosylation and 
Sialylation in the LE
T o examine the expression and distribution of sialylated epitopes on mouse LE, we first employed two lectins, Sambucus nigra agglutinin (SNA), which recognizes NeuNAca2,6Gal/ GalNAc [21, 22] and Maackia amurensis agglutinin (MAA), which recognizes NeuNAca2,3Gal/31- [23, 24] . On uterine sections from pregnant animals, staining of L E between these two probes was very different. MAA staining was absent from L E on day 1 of pregnancy ( Figure lg) , weak on day 2 and then increased from day 3 to 6 of pregnancy (Figures l h and li) . Thus the level of a2,3-linked sialic acid increased from the pre-to the periimplantation period of pregnancy. Clostridium perfringens sialidase removed all MAA staining, confirming specificity. In contrast, SNA staining for a2,6-linked sialic acid was strong on LE on day 1 of pregnancy and then decreased slightly at the time that a2,3-linked sialic acid increased. However, fairly strong staining on apical LE was always detected even on days 5 and 6 of pregnancy. T h e stroma stained heavily on all of days 1-6 of pregnancy. Digestion with Arthrobacter ureafasciens sialidase, an enzyme reported to cleave a2,6-linked sialic acid very efficiently [25] removed much but not all SNA staining from LE. Some slight apical LE staining remained and considerable stromal staining. This may reflect some reactivity of this lectin with unsubstituted galactose residues [21, 26] . In the light of the increase in a2,3 sialic acid observed on LE at the peri-implantation period, we investigated whether sialyl Le-x was expressed in a regulated manner during pregnancy. Indeed we found that staining for this antigen with mAb KM93 (Clontech) showed a very similar pattern to that seen with MAA. Endometrial epithelium was negative for a2,3sialyl Le-x on day 1 of pregnancy. Staining of LE had increased by day 3 of pregnancy and remained high up to day 6. This not only reflected the increase in MAA staining but also the much slighter increase in Le-x reported previously during the pre-to peri-implantation period [6, 27, 28] . T h e stroma was populated with scattered sialyl Le-x positive cells on a negative background. T h e density of these positive stromal cells was high on day 1 of pregnancy and decreased thereafter.
Regulation of sialylation by ovarian steroids
In ovariectomized mice, treatment with oestrogen led to complete absence of epithelial expression of a2,3 sialic acid (equivalent to the vehicle control) but strong stromal staining. Progesterone, in contrast, stimulated expression, particularly on the apical aspects of epithelia, and the stroma was also stained. Sialyl Le-x was also completely absent from the epithelium after oestrogen treatment, but strongly expressed on all epithelial surfaces after progesterone treatment similar to that seen on days 3-4 of pregnancy. Since there was weak staining of the endometrial epithelium after treatment with the vehicle, oestrogen may have an inhibitory effect. Following oestrogen treatment, MAA staining of the stroma was bright and, after progesterone, weak apart from cells thought to be leucocytes and blood vessels. In contrast, staining of stroma with mAb KM93 was similar after either oestrogen or progesterone was given, with scattered brightly positive cells in a mainly negative background. a2,6-Linked sialic acid was expressed on the epithelium after both oestrogen and progesterone. However, expression was much stronger on all aspects of the cells, including the cytoplasm after oestrogen treatment, while it was mainly apical and basal after progesterone. Stromal staining was also highest after giving oestrogen. Thus our observations indicate that both a2,3 sialic acid and a2,6-linked sialic acid are regulated by ovarian steroids, reflecting the pattern of their expression during early pregnancy. It also appears that the majority of a2,3-linked sialic acid on the L E is present as sialyl Le-x. This is probably not true for the stroma. In contrast to the commonly proposed idea that sialylated epitopes are removed from L E at the time of implantation [S] , paralleling the reported decrease in negative charge [3, 4] , we have shown that a2,3 sialic acid actually increases at this time. This increase in MAA and KM93 staining is seen predominantly at the apical L E surface that first contacts the blastocyst and so 0 200 I Biochemical Society may influence interaction between trophectoderm and L E surfaces. It is stimulated by progesterone, which increases after day 2 of pregnancy, but not by oestrogen. In contrast, SNA staining of L E cells is highest when oestrogen levels are high on day 1 of pregnancy and in ovariectomized animals given oestrogen. Regulated expression of both a2,3-and ~2,6-sialylated epitopes was also observed on stromal cells. Both MAA and SNA staining were generally strong after oestrogen treatment. Changes in the density of cells expressing sialyl Le-x in stroma appear to reflect changes in the leucocyte population and parallel the decrease in neutrophils at implantation ([29] , and G . Schofield and S. Kimber, unpublished work).
Sialyltransferases
Since a2,3-sialylated epitopes are modulated in LE, we examined whether mRNA for sialyltransferases which catalyse addition of a2,3-linked sialic acid to terminal /3-galactoside of oligosaccharides (ST3) were also regulated. Using a semi-quantitative reverse transcriptase PCR analysis of L E mRNA we found no change in levels of four sialyltransferase mRNAs (ST3 la, S T 3 l b , St 3 I11 and St 3 IV) between days 1 and 6 of pregnancy. Thus it appears that although these four enzymes are expressed in L E they are not regulated at the mRNA level during early pregnancy. It is still possible that S T 3 enzyme activity or protein concentrations may control sialylation, but this may equally be regulated by the level of acceptor oligosaccharide chains. T h e latter implies regulation of enzymes involved in core glycosylation. However, other Gal a2,3-sialyltransferases may be expressed by L E and controlled at the level of mRNA, such as murine STGalV [30] .
Conclusions
So which macromolecules carry these sialylated and fucosylated antigens in L E ? T h e H-type-1 antigen is carried on a major protein of approximately 120 kDa, as well as several much more minor components, together with a neutral glycolipid ([7] , and P. Pahlsson, S. Lindenberg and S. J. Kimber, unpublished work). In the human sialyl Le-x is expressed by the membrane-bound mucin MUC-1 [31] . Indeed specific MUC-1 epitopes disappear in the luteal phase of the human menstrual cycle [32, 33] , during which implantation would occur. They appear to become masked by sialylated or keratan sulphate residues since they are restored by keratinase or neuraminidase treatment [32] . However, Muc-1 disappears from the LE at the time of implantation in the mouse [34, 35] , making it an unlikely candidate as the major carrier for sialyl Le-x in mouse LE. Muc-4, which is another sialylated mucin and potential carrier, is similarly lost from rat LE before implantation [36, 37] but it is not yet known if this is also true in mice.
Our results indicate reciprocal regulation of expression of different terminal sugar epitopes in LE during the pre-and peri-implantation phases of pregnancy. Specifically, while oestrogen stimulates post-ovulatory expression of H-type-1 epitope, this epitope decreases as implantation approaches and disappears immediately after it. In contrast, sialyl Le-x increases from day 3 of pregnancy with greatest expression on apical LE at the time of implantation and for several days thereafter. It is notable that both epitopes are expressed together for only a couple of days just before and at the time of implantation. Variation in LE carbohydrate expression in the reproductive cycle or in early pregnancy has been reported in a number of species including mouse (above), rat [ll] , human [31, 3840] , baboon [41] , goat [14] and pig [13] . This seems to argue that the changes in glycosylation play an important role in receptivity and implantation across species. Indeed, carbohydrate epitopes are useful markers of hormonal status and the different stages in early pregnancy. The regulated expression of specific carbohydrate epitopes on the apical surface of LE suggests that they, and their carrier molecules, may play a role not only as a microbial barrier, but also as component in the dialogue between the maternal system and the embryo, particularly in the peri-implantation period. 
